Hybrid male sterility often evolves before female sterility or inviability of hybrids, implying that the accumulation of divergence between separated lineages should lead hybrid male sterility to have a more polygenic basis. However, experimental evidence is mixed. Here, we use the nematodes Caenorhabditis remanei and C. latens to characterize the underlying genetic basis of asymmetric hybrid male sterility and hybrid inviability. We demonstrate that hybrid male sterility is consistent with a simple genetic basis, involving a single X-autosome incompatibility. We also show that hybrid inviability involves more genomic compartments, involving diverse nuclear-nuclear incompatibilities, a mito-nuclear incompatibility, and maternal effects. These findings demonstrate that male sensitivity to genetic perturbation may be genetically simple compared to hybrid inviability in Caenorhabditis and motivates tests of generality for the genetic architecture of hybrid incompatibility across the breadth of phylogeny.
Introduction
Genetically intrinsic reproductive isolation evolves by the accumulation of incompatibilities between diverging populations (Bateson 1909; Dobzhansky 1937; Muller 1942) . Although both intrinsic and extrinsic barriers can act at any time in the life cycle of an organism (Coyne 1992; Schluter 1998; Price and Bouvier 2002; Ramsey et al. 2003) , intrinsic reproductive barriers are particularly important because they act to make speciation irreversible (Muller 1942) . Consequently, much research aims to understand the genetic architecture underlying intrinsic hybrid sterility and inviability. In many systems, hybrid sterility evolves before hybrid inviability (Wu 1992; Moyle et al. 2004; Presgraves 2010; Turissini et al. 2017) . Among the open questions related to the genetic architecture of hybrid incompatibilities, one key issue is whether barriers that evolve earlier will correspondingly accumulate more underlying genetic incompatibilities per unit time to make them genetically more complex.
As divergence between species accrues in the genome to include more loci, the number of potentially incompatible interactions increases geometrically, or "snowballs," increasing at least as fast as the square of the number of substitutions. If the incompatibility involves more than two loci, this increase should happen even faster. Three-way incompatibilities, for example, should increase as fast as the cube of the number of substitutions (Orr 1995; Orr and Turelli 2001) , though diminishing returns incompatibility effects, for example, because of antagonistic interactions between Dobzhansky-Muller incompatibilities (DMIs), would counteract such "snowballing" (Kalirad and Azevedo 2017; Guerrero et al. 2017 ). This gives us one way of conceiving the genetic complexity of reproductive isolation between a pair of species: the total number of such DMIs. However, there are at least three other ways of defining the genetic complexity of reproductive isolation. DMIs themselves can vary in complexity, so we could also define the genetic complexity of reproductive isolation in terms of how many loci are involved in creating each DMI. Whether DMIs represent two-locus incompatibilities versus threeway or higher-order interactions, that is, the DMI network size, is often what speciation geneticists refer to when talking about the genetic complexity of reproductive isolation (Presgraves 2010) . Another overall metric of the complexity of reproductive isolation is the total number of DMIs times DMI network size, that is, the total number of loci involved in DMIs. This definition that emphasizes the number of distinct genomic regions provides another common view by speciation genetics about the genetic complexity of reproductive isolation (Coyne and Orr 2004) . The genomic compartmentalization of DMIs within and between autosomes versus sex chromosomes versus cytoplasmic genomes is a further component of the complexity of reproductive isolation in the genome. Characterizing genomic compartmentalization also provides a lower bound estimate of the number of independent genomic regions that contribute to reproductive isolation. This study quantifies the extent of genomic compartmentalization of incompatibilities that lead to reproductive isolation from hybrid sterility and inviability.
Hybrid male sterility could evolve especially quickly because of two processes. First, male reproductive traits and the genes underlying them might generally evolve more rapidly due to sexual selection or mutation biases ("faster males"), and therefore accumulate more substitutions as lineages diverge that could then contribute to DMIs (Wu and Davis 1993) . Alternatively, male reproductive traits could be uniquely sensitive to perturbation, and therefore a greater fraction of substitutions that do accumulate between diverging lineages could contribute to incompatibilities ("fragile males") (Wu and Davis 1993) . In this case, male and female reproductive traits might accumulate substitutions at the same rate, but more incompatibilities would affect male reproductive traits than female reproductive traits (Wu and Davis 1993) . Both the faster male and fragile male hypotheses predict that the underlying genetic complexity of hybrid male sterility should exceed the complexity of barriers that evolve later (i.e., hybrid female sterility and hybrid inviability) in terms of the number of loci that contribute to reproductive isolation. This pattern holds true in Drosophila fruit flies (True et al. 1996; Hollocher and Wu 1996; Sawamura et al. 2000; Presgraves 2003; and Anopheles mosquitoes (Slotman et al. 2005) , but not in Solanum tomatoes (Moyle and Nakazato 2008) or Tigriopus copepods (Willett 2008) . How general it is across taxa that hybrid male sterility evolves before hybrid inviability and whether this corresponds to greater underlying genetic complexity, however, remains unknown.
Another common outcome is asymmetry between reciprocal crosses for hybrid sterility and inviability ("Darwin's corollary to Haldane's rule"), with one of the cross directions showing a stronger effect across a wide range of taxa from fish (Bolnick et al. 2005 ) and mammals (Good et al. 2008) to insects (Coyne and Orr 1989; Presgraves 2002) and nematodes (Woodruff et al. 2010 ) to plants (Scopece et al. 2007 ) and fungi (Dettman et al. 2003) . Theory predicts asymmetric reproductive isolation to occur when incompatibilities involve uniparentally inherited elements: sex chromosomes, mitochondria, or maternally/paternally inherited epigenetic factors (Turelli and Moyle 2007) . Because asymmetric reproductive isolation is so prevalent, at least one of these uniparentally inherited elements might be especially prone to involvement in reproductive isolation. Indeed, the X-chromosome contributes so disproportionately to hybrid male sterility in diverse organisms that this pattern is termed the "large-X effect" (Coyne 1985; Presgraves 2008) . It remains to be established, however, whether X-linked incompatibilities also disproportionately induce asymmetric hybrid inviability or whether other uniparentally inherited elements might more often be involved in hybrid inviability to yield Darwin's corollary to Haldane's rule. Moreover, many interspecies crosses yield F 2 hybrid breakdown (Burton 1990; Breeuwer and Werren 1995; Li et al. 1997; Oka et al. 2004; Dey et al. 2014) , which often involves recessive incompatibilities that are exposed as they are made homozygous. It has often been difficult to examine the underlying genetic basis, however, because so few systems produce fertile F 1 offspring with sufficient experimental tractability to perform large-scale crossing experiments to reveal the genetic contributions to both hybrid inviability and hybrid sterility.
In this study, we characterize the genetic complexity of asymmetric F 1 male sterility and F 2 hybrid inviability in a pair of gonochoristic Caenorhabditis species discovered recently to be partially reproductively isolated (Dey et al. 2012 (Dey et al. , 2014 . Caenorhabditis remanei collections originate from across the temperate Northern hemisphere, whereas C. latens appears to have a narrower geographic range in China (Dey et al. 2012; Félix et al. 2014; Cutter 2015) . These sister species are thought to have diverged from one another approximately 5.0 Mya (given K s = 0.168, μ = 2.7 × 10 −9 , 10 generations per year; Denver et al. 2009; Dey et al. 2012 ). In the lab, these species exhibit no obvious pre-mating isolation and, when crossed, F 1 hybrids show reduced but still relatively high viability. However,~95% of the F 1 males produced from crossing C. remanei females to C. latens males are sterile due to defects in gonad morphogenesis, despite nearly all the F 1 males from the reciprocal cross being fertile (Dey et al. 2014) . Hybrid inviability is severe in the F 2 generation from both directions of the cross, with only 20-25% of F 2 hybrid offspring hatching successfully (Dey et al. 2014) . The proportion of embryos that become inviable at each developmental stage within embryogenesis differs depending on the initial direction of the F 1 cross (Dey et al. 2014) . The combination of inviability at different stages of embryonic development, and variation in the proportion of hybrids becoming inviable depending on grandparent genotypes, hints at the possibility that hybrid inviability involves multiple distinct incompatibilities.
Here, we use reciprocal F 1 backcrosses to compare the genetic complexity of hybrid inviability and asymmetric hybrid male sterility in terms of the combinations of genomic compartments involved in hybrid dysfunction. We found that hybrid male sterility appears genetically simple compared to hybrid inviability in that it involves loci linked to fewer genomic compartments (X-chromosome, autosomes, mitochondria). A two-locus X-by-autosome interaction can largely explain patterns of hybrid male sterility, whereas hybrid inviability involves a combination of nuclear-nuclear, mito-nuclear, and parental effect incompatibilities. The relative genetic simplicity of hybrid male sterility compared to hybrid inviability implies that hybrid male sterility may not always evolve first or faster than hybrid inviability, even in systems with separate male and female sexes.
METHODS

Nematode strains and rearing
In order to determine the genetic basis of the asymmetric postzygotic isolation for viability and sterility seen in C. remanei × C. latens hybrids, we performed crosses using isofemale C. remanei strain PB219 and C. latens strain VX0088. To quantify the effect of mito-nuclear interactions on hybrid viability and fertility, we created two cytonuclear hybrid "cybrid" strains. Mitochondrial DNA (mtDNA) is maternally inherited in Caenorhabditis, so by crossing C. latens females to C. remanei, and then backcrossing the F 1 females to C. remanei males for 20 generations, we created a strain that has a C. remanei nuclear genome with C. latens mtDNA (strain VX0221). We performed the reciprocal cross in order to create a strain that has a C. latens nuclear genome with C. remanei mtDNA (strain VX0219).
We cultured, maintainedand crossed worms at 25°C on Petri dishes containing NGM-Lite agar media seeded with Escherichia coli strain OP50 as food. To remove fungal and bacterial contamination before crosses, we cleaned strains using a standard bleaching protocol (Stiernagle 1999) . We performed all crosses on 35-mm plates with a singlẽ 10 mm diameter bacterial spot.
Effect of mito-nuclear incompatibilities on hybrid viability and hybrid sterility
In order to isolate the effect that mito-nuclear incompatibilities have on hybrid inviability seen in C. remanei × C. latens hybrids, we created two new mito-nuclear hybrid strains (VX0219 and VX0221), and performed intra-strain crosses to compare these cybrids to pure species strains (C. latens strain VX0088 and C. remanei strain PB219). For each cross, we picked virgin females at the L4 stage (fourth and final larval stage), and allowed them to develop into adults overnight. We mated individual adult females to Fig. 1 Reciprocal F 1 backcross design, which produced 20 unique genotypes: four F 1 (two male and two female), and 16 F 1 backcross genotypes. First, we crossed C. remanei (black fill) and C. latens (white fill) in both directions. In the initial F 1 cross "cybrid" strains with the mitochondrial DNA introgressed from one species into nuclear genotype of the other species were used to control for mitochondrial effects. We backcrossed F 1 males and females produced from both directions of the cross to both pure species (eight crosses total). Here, we show that one recombination event will lead to, on average, 50% of each species DNA being inherited from an F 1 hybrid parent. In any one individual, the proportion of DNA from each parent species will vary, because recombination can happen anywhere along the chromosome. We indicate the five pairs of autosomes with just a single chromosome pair in the diagram (vertical segments) in addition to mitochondria and the diploid X-chromosome (hemizygous in males). We measured the hatch rate and egg-to-adult survival of the progeny from all crosses, as well as hybrid male fertility three adult males. After 18 h of mating, we sacrificed the males and transferred females to a new plate each day until egg laying ceased. We counted the total number of fertilized eggs laid, and the total number of eggs that remained unhatched after~18 h as a measure of embryonic inviability; a standard C. elegans egg-hatching assay (Dey et al. 2014) . Progeny were allowed to grow until adulthood, after which they were transferred to 4°C to halt development for scoring. We then counted the total number of surviving adult progeny. We analyzed the total number of eggs laid and total adult offspring, and survival data with one-way analysis of variance implemented in R (R Core Team 2016).
To quantify the effect that mito-nuclear incompatibilities have on the fertility of F 1 hybrid males produced when C. latens males are crossed to C. remanei females, we used the same four cybrid and pure species strains, and crossed them to each other and to themselves in all 16 reciprocal combinations. To quantify hybrid male fertility, we picked adult males into M9 media to clear their guts of bacteria and make visualizing the gonads easier. As a measure of male sterility, we examined gonad morphology to identify defects in gonad formation that prevent males from transferring sperm (Dey et al. 2014 ). After~12 h in M9, we placed 10 males at a time onto a microscope slide prepared with a 20 μL drop of sodium azide (NaN 3 ) solution, which paralyzes worms making the gonads easier to visualize using differential interference contrast (DIC) microscopy (×60 magnification).
F 1 backcrosses
We used F 1 backcrosses to gain insight into the genetic basis of hybrid inviability and sterility in C. remanei × C. latens hybrids. Our reciprocal backcrossing design ( Fig. 1 ) allowed us to quantify hybrid inviability and sterility in hybrids that have, on average, different proportions of both the X-chromosomes and autosomal chromosomes from each of the parent species. We were also able to examine the effect of some recessive incompatibilities, as these were exposed when they were made homozygous in individuals of certain backcross genotypes. However, we were not able to examine the effect of autosomal recessive-by-recessive incompatibilities, which are present in F 2 hybrids, but not in our experimental F 1 hybrid backcross individuals. Finally, because we performed reciprocal crosses and controlled for mitochondrial background, we were able to test for parental effects on reproductive isolation. With the exception of crosses involving F 1 males produced from C. latens males mated to C. remanei females, we picked virgin females at the L4 stage, and allowed them to develop into adults overnight. We mated individual adult females to three males. After 18 h of mating we sacrificed the males and females, and counted the total number of fertilized eggs laid. After another~18 h, we counted the total number of eggs that remained unhatched to quantify embryonic viability.
Approximately 95% of F 1 males produced by crossing C. remanei females and C. latens males are sterile (Dey et al. 2014) . For crosses involving these males, we used bulk mating arenas of 20 females to 40 males to allow more efficient fertilization by the few fertile males. This difference in mating design did not need to be accounted for in the statistics because total egg number were not used. After 18 h of mating, we transferred mated females to a new plate and allowed them to lay eggs, and after 18 h, we sacrificed the females and counted the total number of fertilized eggs. We then quantified embryonic viability by counting the number of unhatched eggs remaining after a further~18 h.
For all crosses, progeny were allowed to grow until adulthood and then were transferred to 4°C to halt growth to facilitate scoring of the total number of adult male and female progeny individuals. To measure hybrid male fertility, we examined adult male gonad morphology to identify defects in gonad formation using DIC microscopy (Dey et al. 2014) .
We used generalized linear mixed-effects models implemented in R (R Core Team 2016), using the lme4 package (Bates et al. 2015) to determine whether hatch rate and L1-to-adult survival of F 1 backcross progeny is influenced by: the direction of the initial F 1 cross, the sex of the F 1 hybrid used in the backcross, and the species to which the F 1 hybrid was backcrossed. We treated both hatch rate and L1-to-adult survival as binomial responses, with an individual-level random effect to account for overdispersion. We tested the effects using a Wald Z test.
Estimating effects of G × G incompatibilities
Each of the interspecific and F 1 backcrosses produces individuals with different, but on average predictable genotypes based on the direction of the cross and the sex of this individual. We used a model to determine which combination of genetic-by-genetic (G × G) incompatibilities can best describe the pattern of male and female hybrid inviability seen across all cross combinations. To do this, we first calculated the sex-specific hatch rates and L1-to-adult survival rates for each cross direction based on the mean hatch rate for that cross direction, the L1-to-adult survival rate for that cross direction and the known adult sex ratio for that cross direction. In every case, we assumed that the sex ratio at fertilization was 50:50.
Although we lack complete genetic information for a given individual, we can nevertheless calculate the probability that a particular autosome-by-autosome, X-X, autosome-X, autosome-mitochondrial, or X-mitochondrial incompatibility will be exposed in that genotype for males and females produced in each cross. Additionally, we have information about the probability of whether a dominantby-dominant, dominant-by-recessive, or recessive-byrecessive incompatibility will be exposed. We presumed no co-dominance, and that all inviability incompatibilities affect both males and females, which appears to be the case in other systems (Orr 1999 ). In total, there are 23 possible G × G incompatibility types that could contribute to hybrid inviability (Table 1 ). Because our experimental design produces only 20 genotype classes, it does not give us the power to assess all 23 incompatibility types in the same model. Instead, we ran three separate models: one model included only autosomal and X-linked incompatibilities (15 incompatibilities total), one model included the autosomal and X-linked incompatibilities plus recessive mito-nuclear incompatibilities (19 incompatibilities), and the final model included autosomal, X, and dominant mito-nuclear incompatibilities (19 incompatibilities) ( Table 1) . We determined the probability that each of these incompatibility types could act in males and female offspring produced from each of the 10 crosses that we assayed (all F 1 crosses and backcrosses, 20 genotypes in total) (Supplemental Table 1 ). Using the probabilities of each of the incompatibilities being exposed in a given offspring genotype class, we estimated the additive combination of fitness effects of each of the incompatibilities that together best explained the observed patterns of hybrid inviability.
We searched for fitness effects of each of the incompatibility types that best explain the overall observed fitness of each genotype class using the optim function in R (R Core Team 2016). We used random starting values between 0 and 1 for the fitness effect of each incompatibility (0 meaning there is no fitness effect, 1 meaning complete inviability), and applied the Nelder-Mead algorithm for iterating until improvements in the minimum sum of squared deviations became small (<0.1). We conducted 10,000 repeated optimizations using different random starting values to ensure the best parameters were obtained. A autosome, X X-chromosome, Mtmitochondria, rem C. remanei, lat C. latens, rec recessive, dom dominant Genetic basis to hybrid inviability is more complex than hybrid male sterility in...We simplified the model by successively removing the incompatibility with the smallest effect size from the model until only those incompatibilities with a significant effect, as determined by comparing models with F tests, remained. The runs with the smallest sums of squares all converged on similar parameter values. We used the same method to determine which G × G incompatibilities best explain the patterns of hybrid male sterility. Because there is only one X-chromosome present in hybrid males, we were able to disregard the dominance of any incompatibilities involving the X-chromosome. We were also able to disregard the mitochondrial genotype based on the results of our crosses which showed that mitonuclear incompatibilities do not contribute to hybrid male sterility (see below and Supplemental Fig. 1 ). Therefore, we examined the contribution of eight incompatibility types to hybrid male sterility (Table 2) .
RESULTS
Mito-nuclear incompatibilities contribute to reduced hybrid offspring production, but not hybrid male gonad defects To determine whether mito-nuclear incompatibilities contribute to inviability or sterility in C. latens × C. remanei hybrids, we compared the lifetime reproductive output of pure strains to the reproductive output of mitochondrial replacement strains that had either the C. remanei mitochondrial genome in a C. latens nuclear background or the C. latens mitochondrial genome in a C. remanei nuclear background. These cytoplasmic hybrid ("cybrid") strains were created from 20 generations of backcrossing. We found that the strain has an effect on the total adult offspring produced (F 3,49 = 26.03, P < 0.001). We observed no difference in the total number of adult offspring produced between pure C. latens and pure C. remanei, but both of the mitochondrial replacement strains produced fewer adult offspring than the pure species (C. latens nuclear with C. remanei mitochondria Tukey's honest significant difference (HSD), P < 0.0001, C. remanei nuclear with C. latens mitochondria Tukey's HSD, P = 0.02) (Fig. 2) . This difference in total offspring results from a combination of fewer eggs laid depending on strain (F 2,94 = 17.98, P < 0.0001) and lower egg-to-adult survival (F 3,45 = 4.38, P = A autosome, X X-chromosome, Mt mitochondria, rem C. remanei, lat C. latens, rec recessive, dom dominant Fig. 2 a Total eggs, b egg-to-adult survival, and c total offspring produced by pure C. remanei and C. latens, and mito-nuclear replacement strains. Both mito-nuclear replacement strains produce significantly fewer total offspring than pure species (C. latens with C. remanei mt.; C. remanei with C. latens mt.). N = 6-30 replicates per cross 0.009), although the only factor with an individually significant reduction occurs for the cybrid with C. latens nuclear DNA and C. remanei mitochondria (Tukey's HSD, P < 0.0001).
We also examined whether mito-nuclear incompatibilities contribute to the asymmetric hybrid male sterility seen in this cross. To isolate mito-nuclear effects, we performed reciprocal crosses between the two pure species and the two mito-nuclear cybrid strains in all 16 reciprocal combinations, and examined the gonad morphology of males produced from each cross to infer male sterility (~50 males per cross).
If mito-nuclear incompatibilities drive hybrid male sterility mediated by gonad defects, then we would expect that males with C. remanei mtDNA and C. latens nuclear DNA would have the highest rates of sterility. Our results were not consistent with this prediction: the genotype classes showing male gonad defects did not depend on mitochondrial genotype (Supplemental Fig. 1) . Instead, the genetic combinations associated with male gonad defects suggested the possibility of a strong role for X-autosome incompatibility in causing hybrid male sterility (see below).
Maternal effects contribute to F 1 backcross hybrid inviability
To examine the underlying causes of inviability in C. remanei × C. latens hybrids, we performed a reciprocal F 1 backcross (Fig. 1) . This allowed us to examine the influence of both zygote genotype and of transgenerational (i.e., parental) effects on hybrid viability. In these crosses, we made use of cybrid strains. This controlled for mitochondrial background in order to draw stronger inferences about other maternally inherited factors (e.g., maternal provisioning of the oocyte). We modeled the effect of the initial direction of the F 1 cross, the direction of hybrid backcross, and the sex of the hybrid used in the backcross to explain variation in both hatch rate and L1-to-adult survival. We found that all three of these factors contribute to differences in hatch rate, and we also found a significant interaction between the species used in the backcross and the sex of the hybrid in the backcross (Table 3) . By contrast, we found that only the species that the F 1 hybrid was backcrossed to exerts a significant influence on L1-to-adult survival (Table  3) . Although several DMIs involving uniparentally inherited elements potentially underlie the effects on hybrid viability exerted by the initial direction of the interspecific cross and the direction of the F 1 backcross, the influence that hybrid sex has on viability can be explained most plausibly by parental effects. In this case, hybrid females always produce hybrid eggs less likely to hatch than do hybrid males, regardless of the initial F 1 cross or the species it is backcrossed to (Fig. 3) , indicating a strong negative effect of having a hybrid mother.
Many G × G incompatibilities needed to explain patterns of hybrid inviability
Our reciprocal backcross design produced 20 distinct hybrid genotype classes (10 crosses, with males and females produced from each cross) (Fig. 1) , and we found that multiple gene × gene (G × G) incompatibility types are required to explain the pattern of hybrid inviability seen across these hybrids (Table 1) . To determine which combination of the distinguishable G × G incompatibility types best explain hybrid inviability across all genotypes, we created three maximum likelihood models in which each incompatibility type has a defined probability of being exposed in a given hybrid genotype class. The models then optimize the effect size of each incompatibility based on which combination of incompatibilities best explain the observed pattern of hybrid inviability across all genotype classes. We ran the model to Genetic basis to hybrid inviability is more complex than hybrid male sterility in...determine which G × G incompatibility types explain eggto-adult survival, hatch rate, and L1-to-adult survival. We found that, depending on whether mito-nuclear incompatibilities are included, either seven or eight incompatibility types are required to explain patterns of egg-to-adult survival (five or six affect hatch rate, and five affect L1-to-adult survival) ( Table 1) . Although incompatibility types overlap between the developmental stages, several of the incompatibility types only affect one of the two stages of inviability. One particularly interesting incompatibility type that we identified is the C. remanei recessive autosome × C. latens dominant X-chromosome incompatibility. This incompatibility type is strong, and only gets exposed in three of the hybrid genotype classes produced in our backcross design. Because hybrid male sterility involves a C. latens dominant autosome × C. remanei X incompatibility (discussed below), the X-A incompatibility inducing inviability has the effect of making surviving males more likely to be sterile than we would have otherwise predicted. We also identified incompatibilities linked to both the C. remanei and C. latens mitochondria, consistent with our empirical data showing that mito-nuclear replacement strains produce fewer offspring (see above, Fig. 2 ).
X-autosome incompatibility can explain hybrid male sterility
To determine more directly the role of X-autosome incompatibility in hybrid male sterility, we examined males produced from all directions of our reciprocal F 1 backcross (mean~88/cross). These backcrosses each produce four nuclear genotype classes of males, each with a different average proportion of X and autosomal chromosomes expected to be inherited from the parent species (Fig.  1) , to give us clear predictions for phenotypic effects under different causal genetic hypotheses.
If a two-locus X-autosome incompatibility drives hybrid male sterility, then males with the highest average proportion of DNA from the C. remanei X-chromosome in combination with C. latens autosomal DNA should have the greatest incidence of sterility (Fig. 4) . By contrast, males expected to have a high proportion of C. latens Xchromosome DNA coupled with C. remanei autosomal DNA should exhibit the lowest rates of male sterility. Our results from these backcrosses are generally consistent with these predictions (Fig. 4) . Males that lack the C. remanei Xchromosome altogether are predicted to be fertile, and, indeed, we only rarely see sterility among such males (9% Fig. 3 a Hatch rate survival for the initial F 1 cross and each of the eight reciprocal backcrosses. In each case, egg-to-L1 survival is lower when the hybrid female is backcrossed than when the hybrid male is backcrossed. b L1-to-adult survival for each cross (virtually all nonembryonic hybrid inviability occurs during the first larval (L1) stage of development). L1-to-adult survival can appear to be greater than one because of developmental delays during embryogenesis, so eggs are counted as unhatched/inviable when they in fact hatch after assay counting. Whiskers and outlier points with values >1.6 have been excluded for visual clarity. c Proportion of males among adult hybrids. rem C. remanei, lat C. latens, hyb hybrid. Generally, patterns of hybrid inviability conform to Haldane's rule, with the exception of the offspring indicated by the second to the left box. In this cross, a strong incompatibility is revealed only in female offspring, causing Haldane's rule to be disobeyed and 12%, although both are significantly higher than the expectation of 0% sterility (males 1b and 2b from Fig. 4 , χ 2 = 6.427, P = 0.011 and χ 2 = 11.847, P = <0.001, respectively). Two classes of males are predicted to have a 50% incidence of sterility, either because they always have the C. remanei X-chromosome together with a 50% chance of inheriting the C. latens autosomal component of the incompatibility, or because they always have the C. latens autosomal component and a 50% chance of inheriting the C. remanei X-chromosome. We found that this class of males does have an intermediate incidence of sterility, 28% (male 2d from Fig. 4 , significantly lower than our prediction, χ 2 = 9.269, P = 0.002) and 36-48% (males 1d χ 2 = 1.275, P = 0.26, 1a χ 2 = 2.761, P = 0.097 and 2a χ 2 = 1.999, P = 0.16), only slightly lower than our prediction (Fig. 4) . The final genetic class of males are predicted to have a 25% incidence of sterility, because they have a 50% chance of inheriting the C. remanei X-chromosome component of the incompatibility and a 50% chance of inheriting the C. latens autosomal component. In these males, we see more sterility than expected (~45% instead of 25%, male 1c: χ 2 = 5.217, P = 0.022 and male 2c χ 2 = 7.707, P = 0.005) (Fig. 4 ). These differences from our simple predictions likely result from the influence other genetic interactions causing inviability that lead to surviving males being either more or less likely to be sterile than the simple predictions that neglect a role of inviability incompatibilities. For example, we detected a strong C. latens dominant X-chromosome by C. remanei recessive autosomal incompatibility that is exposed in only the males expected to have a 25% incidence of sterility (Fig. 4, males 1c and 2c) . As a consequence of this strong incompatibility for inviability, surviving males have a >50% chance of inheriting both the C. remanei X-chromosome and the C. latens autosomal component of the sterility incompatibility, which explains the elevated incidence of sterility in this genotype class. When we ran our model that optimizes the effect sizes of each incompatibility to best explain hybrid male sterility, we found that the C. remanei X-chromosome by C. latens autosome incompatibility is predicted to have a large effect on sterility, as well as a large influence of the C. latens Xchromosome interacting with C. remanei autosomes (Table  2) . We interpret this latter statistical result as the model successfully capturing the effect of the incompatibility involving the C. latens dominant X by C. remanei recessive autosomal region that causes inviability, and leads surviving males to have a greater than expected probability of being sterile. It is also likely that additional factors have a small influence on hybrid male sterility. Our full model identified two additional incompatibilities that reduce hybrid male fertility, but neither was significant (Table 2) .
DISCUSSION
Hybrid inviability is more genomically complex than hybrid sterility By quantifying postzygotic reproductive isolation between C. remanei and C. latens, we confirm that Haldane's rule holds true in this system, manifesting as strong asymmetric hybrid male sterility (Dey et al. 2014) . We also found that the genetic basis of this hybrid male sterility can be almost fully explained by a two-factor incompatibility involving Fig. 4 Hybrid male sterility for F 1 males produced by crossing C. remanei males to C. latens females (white fill, left) and C. latens males to C. remanei females (black fill, right), as well as for the eight male genotypes produced in F 1 backcrosses (equivalent nuclear genotypes indicated with the same letter). Male genotype diagrams as in Fig. 1 (C. remanei DNA in black, C. latens DNA in white). Predictions for the proportion of males from each cross direction that would be sterile given a simple two-way C. remanei X-chromosome by C. latens autosomal dominant incompatibility are indicated by the dashed lines. Observed proportion of sterile males from each cross are indicated by squares ± 95% binomial confidence intervals. Dotted arrows indicate the large-effect C. latens X-chromosome × C. remanei recessive autosomal incompatibility for inviability. This incompatibility leads surviving males to have an increased probability of sterility loci linked to the X-chromosome and autosomal chromosome, whereas hybrid inviability appears to be more genomically complex. Although our genomic resolution is coarse, we identify a minimum of three classes of incompatibilities that contribute to hybrid inviability: nuclearnuclear, mito-nuclear, and parental effects. Moreover, within the nuclear-nuclear class, our backcross results support roles of X-autosome, X-X, and autosome-autosome incompatibilities all as likely contributors to the hybrid incompatibilities causing inviability.
In our statistical model, we presumed that incompatibilities could only be either completely recessive or completely dominant, and we found support for both recessive and dominant incompatibilities contributing to hybrid inviability. However, given the multitude of potential loci involved in hybrid inviability and that both sexes contribute to our inference of embryonic and larval inviability, the true dominance coefficients for the hybrid incompatibility loci are unknown. This ambiguity has important implications, as a single partially dominant incompatibility could be interpreted as recessive-by-recessive, dominant-by-recessive, or both, depending on effect sizes, sex specificity, dominance coefficients, and statistical power. However, for a single incompatibility (e.g., A lat -A rem ), our model rarely predicts that more than one of the possible dominance patterns leads to a reduction in fitness. In spite of this complication, we conclude that this issue does not appear too frequently in our analysis, though it implies that we may not accurately estimate the true minimum number of G × G incompatibilities involved in hybrid inviability. Although we now know that many incompatibilities must have at least a partially recessive component, as is true in other systems (Presgraves 2003; Masly and Presgraves 2007; Moyle and Nakazato 2008) , more detailed estimation of the overall dominance requires finer resolution of incompatibility loci.
Despite this caveat, these results for Caenorhabditis differ strikingly from previous work in Drosophila (True et al. 1996; Hollocher and Wu 1996; Sawamura et al. 2000; Presgraves 2003; and Anopheles (Slotman et al. 2005) , for which it is hybrid sterility that has a higher number of DMIs contributing to the phenotype than hybrid inviability. Superficially, our findings more closely mimic the low number of loci contributing to hybrid sterility observed in Solanum (Moyle and Nakazato 2008) and Tigriopus (Willett 2008) . However, potential explanations for the distinction between Solanum/Tigriopus and Drosophila do not apply in Caenorhabditis. For example, both Drosophila and Caenorhabditis differ from Solanum/ Tigriopus in sex determination and reproductive biology (Solanum individuals are hermaphrodites, and both Solanum and Tigriopus lack sex chromosomes), which might influence the rate at which male reproductive traits accumulate incompatibilities such that Solanum/Tigriopus and similar systems would evolve hybrid male sterility with a lower number of DMIs contributing to the phenotype (Moyle and Graham 2005) . What could explain the difference between flies and worms? One possibility is that incompatibilities localize to only particular loci in Caenorhabditis associated with a disruption of gonad morphogenesis. In Caenorhabditis, sperm-related genes have a faster rate of evolution than either oocyte or somatic genes (Cutter and Ward 2005; Artieri et al. 2008; Kasimatis and Phillips 2018) . We, however, analyzed defects in the development of the somatic gonad and C. elegans genes expressed throughout male tissues have especially slow rates of protein evolution (Cutter and Ward 2005) , suggesting that "faster male" theory might not apply in this case in a simple way (Wu and Davis 1993) . Alternatively, and in contrast to the "fragile male" idea (Wu and Davis 1993) , genetic networks that contain fast evolving genes (i.e., sperm genes) may be more tolerant of nucleotide substitutions and therefore less likely to be disrupted in hybrids, whereas slow evolving genes (e.g., other male expressed genes) may be more sensitive to disruption. This scenario could represent one way that male fertility traits and viability traits could differ in genetic architecture in terms of diminishing returns versus synergistic incompatibility effects (Guerrero et al. 2017) .
Another possibility is that viability traits evolve disproportionately quickly in C. remanei and C. latens, and therefore accumulate more incompatibilities among the underlying loci. This relative slowdown of sexual trait versus viability trait evolution could happen, for example, if one or both of the species recently underwent adaptation to a novel environment, leading to disproportionate substitutions and incompatibilities associated with viability traits.
Finally, the relatively coarse scale of our experiments means that we cannot exclude the possibility that there may be many closely linked, but distinct, loci located on the Xchromosome that contribute to hybrid male sterility to give the illusion of genetic simplicity in our backcross analysis. Consequently, our inference of the genetic complexity currently is restricted to the number of "genomic compartments" involved in incompatibilities. Understanding the total number of loci, DMI network degree of each incompatibility, and potential for antagonistic versus synergistic contributions of each DMI to reproductive isolation requires finer genetic resolution. Sperm-related and other reproduction-related genes do tend to cluster in the C. elegans genome (Miller et al. 2004 ), but sperm-enriched and germline-enriched genes are nearly absent from the Xchromosome (Reinke et al. 2000 (Reinke et al. , 2004 . Further finemapping of reproductive isolation between C. remanei and C. latens, and testing for possible additional contributors to hybrid male sterility beyond gonad defects, would help evaluate whether the apparently simple incompatibility for hybrid male sterility involves a single locus or multiple closely linked loci.
Large-X effect
We found that hybrid male sterility can be explained by an incompatibility involving an X-linked locus. Additionally, we created a model to determine how well the patterns of hybrid inviability seen in our F 1 and F 1 hybrid backcrosses could be explained by simple two-locus incompatibilities linked to either autosomal regions or to the X-chromosome (15 possible incompatibility types, Table 1 ). We found that to explain hybrid inviability with G × G incompatibilities, two of the three possible autosome-autosome, five of the eight autosome-X, and two of the four possible X-X incompatibilities must be invoked. Because the Xchromosome represents only~20% of the genome, our results thus suggest an important role for X-linked incompatibilities both for asymmetric hybrid male sterility and for hybrid inviability. Our model predicts especially large magnitudes of effect on hybrids for X-linked incompatibilities as well (Table 1) . This result points to a large-X effect in reproductive isolation between C. remanei and C. latens. Research on the other Caenorhabditis species pair that yields fertile hybrid offspring, C. nigoni and C. briggsae, also demonstrated an important role for X-linked loci in hybrid male inviability (Bi et al. 2015; Li et al. 2016) , suggesting that a disproportionate influence of Xlinked loci could be a general pattern in Caenorhabditis nematodes as in other animals. The potential disruption of chromatin state on the X-chromosome during male meiosis (meiotic sex chromosome inactivation), as implicated in the misregulation of 22G small RNAs in C. briggsae-nigoni hybrids (Li et al. 2016) , raises this possible mechanism for hybrid male sterility for C. remanei-latens hybrids.
Higher-order incompatibilities
There are multiple ways to define the complexity of the genetic architecture of reproductive isolation. Complexity of DMIs usually refers to the number of individual loci that make up a single incompatibility, its network size (Muller 1942) . One could also consider complexity in other ways, for example, in terms of the total number of incompatibilities that contribute to overall reproductive isolation. We have considered complexity of interacting genomic compartments (autosome, X-chromosome, mitochondria, etc.) that contribute to overall reproductive isolation. In this study, presuming two-way DMIs between loci in distinct genomic compartments, we found that hybrid inviability between C. remanei and C. latens is "complex" in the sense that several two-way incompatibilities involving different genomic compartments are required to explain the observed hybrid inviability. But could a single three-way or four-way (or n-way) incompatibility explain the observed hybrid inviability? Multi-locus incompatibilities might be easier to evolve because there are more evolutionary trajectories from one genotype to another without passing through an unfit intermediate genotype (Cabot et al. 1994; Orr 1995) . Additionally, multi-locus incompatibilities might be particularly common if the gene members of genetic pathways essential for development commonly experience rapid compensatory or coevolutionary trajectories, or if gene duplications or multigene family turnover contribute to multi-locus hybrid dysfunction. Numerous examples of multi-locus incompatibilities exist (Coyne and Orr 2004) , and while this possibility is intriguing, it is difficult to test in our case. For example, while there are only 15 potential G × G incompatibility classes, there are 39 unique G × G × G incompatibility classes revealed in offspring of backcrosses from F 1 hybrid individuals; our experiment has insufficient degrees of freedom to assess all possible contributions of G × G × G to the patterns of reproductive isolation. It is also possible that the G × G interactions we identified with our model are complex in that they could have epistatic interactions with each other, as is the case in Drosophila (Palopoli and Wu 1994; Chang et al. 2010) and Solanum (Guerrero et al. 2017) . Future work in this system could attempt to further dissect the loci underlying hybrid inviability and sterility, which would provide valuable information about the number of genes underlying sterility and inviability, as well as the function of those genes. Promising possibilities for mapping include an evolve-and-resequence approach of hybrid populations (Gray and Cutter 2014; Long et al. 2015) and creation of Nearly Isogenic Lines or Recombinant Inbred Lines for performing quantitative trait locus mapping (e.g., Bradshaw and Schemske 2003; Moyle and Nakazato 2008; Guerrero et al. 2017) to more precisely determine the number and location of incompatibility loci between these species, as well as the interactions between individual DMI loci.
Maternal effects on hybrid viability
We determined that maternal effects contribute to hybrid inviability such that hybrid females produce zygotes with a lower hatch rate than do hybrid males, regardless of the genetic background of their mating partner. The mechanism by which this maternal-by-zygotic incompatibility manifests could derive from several different possible sources. One possibility could arise from the fact that, because males have only a single X-chromosome, recombination between the C. latens and C. remanei X-chromosomes only occurs in F 1 females. Recombination in hybrid females involving inversion or rearrangement differences on the X-chromosome could lead to gametes with gene duplications/deficiencies that render their offspring less competent to complete embryogenesis properly than zygotes derived from hybrid males with non-recombinant X-chromosomes. Such structural comparisons await characterization of the C. latens genome to contrast with C. remanei (Fierst et al. 2015) .
Another possible source of maternal effects on hybrids could involve the provisioning of oocytes with maternal gene products. Dozens of maternal-effect gene mutants with consequences for embryogenesis have been identified in C. elegans (Kemphues et al. 1988; Hekimi et al. 1995) . The function and specific effects for many of these genes have been well characterized (Evans 2005) . For example, zyg-1 is a regulator of centrosome duplication, and the ZYG-1 protein kinase it encodes is required for daughter-cell centriole formation (O'Connell et al. 2001) , such that mutations in zyg-1 lead to nearly complete embryonic inviability (O'Connell et al. 1998 ). Other genes (e.g., pie-1 and mex-1 (Mello et al. 1992) , rde-1 (Tabara et al. 1999) , and clk-2 (Bénard et al. 2001) ) have been similarly well characterized both for their function in wild-type C. elegans individuals and for the detrimental effects that mutations in these genes exert on embryonic development. Dysfunctional provisioning or activity of proteins like these by hybrid mothers to their oocytes provides one plausible source of maternalzygote incompatibility in interspecies hybrids. This could be caused either by functional divergence in the protein coding regions of such genes or by differences in regulatory control of them between the two species.
In addition to protein coding genes, many endogenous small RNAs control downstream gene expression in Caenorhabditis. Because many RNAs and proteins are maternally provisioned into the embryo (Evans 2005), the functional roles of these small RNAs may be disrupted in hybrid female germlines, their oocytes, or in zygotes. Before the zygote genome is activated, approximately 30% of the~7500 genes expressed in the C. elegans oocyte are maternally targeted for degradation (Stoeckius et al. 2014) . This targeting appears to be mediated by maternally encoded small interfering RNAs (Stoeckius et al. 2014) , which in hybrid mothers may be mismatched from their mRNA target, leading to improper mRNA degradation in their embryos.
The Piwi-interacting RNA (piRNA) pathway has an evolutionarily conserved role in silencing exogenous sequences (e.g., transposons), as well as in properly expressing endogenous sequences in the germline (Ashe et al. 2012; Shirayama et al. 2012) . The degree of silencing can vary depending on which parent encodes the silencing signal (Shirayama et al. 2012) , and piRNA targeting can be sensitive to even a very small number of mismatches ). This process is known to be disrupted in Drosophila hybrids (Kelleher et al. 2012) , and could conceivably contribute to the hybrid embryonic inviability observed here as well. The many classes of small RNAs (microRNAs, 22G-RNA, 26G-RNA, and 21-U piRNAs) all have roles regulating gene expression that could get disrupted in hybrids (Grishok et al. 2001; Lau et al. 2001; Ambros et al. 2003; Malone and Hannon 2009) , and small RNA misregulation is implicated in hybrid male sterility for C. briggsae-nigoni hybrids (Li et al. 2016) . Comparing small RNA expression in embryos produced by hybrid females with the RNA expression in embryos produced by hybrid males and pure species would be a first step to test this hypothesis for why hybrid females produce inviable embryos more often than do hybrid males.
Conclusion
We have quantified inviability and male sterility in C. remanei × C. latens hybrids. We found that hybrid male sterility can be mostly explained by a simple two-factor Xautosome incompatibility, whereas hybrid inviability is more genomically complex by involving multiple combinations of genomic compartments in reproductive isolation, including autosome-autosome, X-autosome, X-X, and mitonuclear interactions. We anticipate that future work with Caenorhabditis will continue to refine the genetic causes Haldane's rule, asymmetric reproductive isolation, the large-X effect, and faster male evolution.
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